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Abstract 
Presented in this thesis are experimental and theoretical results for a new type of 
fiber optic hydrogen sensor based on facet etched nano-apertures in palladium films. 
Palladium is known to absorb hydrogen, resulting in a change in the optical and structural 
properties of the film which can be probed by measuring the transmission through the 
aperture. These sensors showed sensitivity down to 150 ppm in nitrogen with measurable 
responses in less than one minute. The form factor of this sensor makes it particularly well 
suited for deployment in unconventional or hard to reach places, such as those found in 
combustion engines or chemical reactors.   
 The first part of this thesis details current work in the field and the need for 
accurate hydrogen sensors. Next is the background theory, design, and fabrication of the C-
shaped aperture, which is used for its high transmission and resonant behavior. 
Simulations are used to analyze and engineer the transmission spectrum of the aperture. 
This is followed by a presentation of experimental results for various C-shaped apertures 
along with a discussion of fabrication problems and differences, and of the performance of 
the various sensors. Afterwards, an analysis of theory versus experimental differences is 
made, specifically regarding the polarization dependence of the aperture and the 
theoretical hydrogen shift. The response of the sensor is calculated based on known 
refractive index data, and reasons such as lattice expansion are postulated and examined to 
explain the discrepancy. Finally, a summary of device performance and fabrication steps is 
given, and some steps for future work are laid out.  
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Chapter 1: Introduction 
1.1 Motivation 
With dwindling fossil fuel supplies there has been increasing pressure to develop and 
implement sustainable, environmentally friendly energy solutions. This challenge is 
compounded by the increasing demand placed on energy resources by industrial and 
technological development across the world. Several technologies are advancing to replace 
fossil fuels as the backbone of the energy grid, including nuclear, solar, wind, and 
geothermal, but the biggest challenge to replacing fossil fuels is in the use of petroleum 
based products for heating and fuel [1]. 
 Hydrogen gas is one of the most promising candidates for portable or small scale 
fuel applications, notably in situations where power grid access or size restrictions limit 
the use of other energy sources such as solar and high capacity batteries. Hydrogen fuel is 
efficient and clean, producing only water when burned with pure oxygen or lean air 
mixtures. Supply is also not an issue with hydrogen readily extracted from other 
substances such as hydrocarbons.  This property makes hydrogen unsuitable for net energy 
generation but ideal for use as a portable fuel cell [2].  
For these reasons there has been considerable research into hydrogen storage and 
creating hydrogen based fuel cells. Furthermore, pure hydrogen gas is used in many 
industrial and chemical applications such as in the production of ammonia, reduction of 
metallic ores, rocket fuel, and methanol production, among others [3]. One of the primary 
concerns with using hydrogen as a fuel source or reactant, however, is safety. In particular 
hydrogen gas is lightweight and hard to contain, and has a low explosive limit of 4% in air, 
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creating potentially deadly situations in the event of a leak. In addition to safety concerns, 
in many applications it is necessary to know the exact concentration of hydrogen in a 
reactor or engine. This necessitates the development of fast, reliable sensors that are both 
cheap and robust enough to withstand high mechanical stress and temperatures. 
Optical sensors are ideal because of their low risk of sparking and, in the specific 
case of fiber optic-based sensors, they can be deployed in a variety of situations. Given the 
low cost of fiber optic cable and the advancement of large-scale fabrication techniques, 
such as nano-imprint lithography, the development of optical sensors with the response 
times and accuracy of current electrical sensors would be a major step forwards. In 
particular such a sensor would need to be selective to hydrogen, reliable, robust, and 
sensitive enough to detect low concentrations or give warning before a leak becomes 
dangerous.  
1.2 Current Research 
With clean energy being a major focus for research there have been several key 
advancements of interest for hydrogen sensors. The majority of recent research into 
hydrogen sensors, both electrical and optical, in current literature relies on a catalyst film 
that undergoes a change in resistivity or optical properties to detect hydrogen. While 
hydrogen is absorbed by and reacts with many of the transition metals, palladium and 
platinum in particular are among the most studied and well understood, with palladium 
being the cheaper and more popular choice. In addition, composite films such as Pd/Au 
alloys, Pd/Ag, and Pd/WO3 have been studied to improve film quality and mechanical 
durability while still remaining sensitive hydrogen [4-5].  
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Hydrogen sensing with palladium is based on the metal catalyzing the dissociation 
of hydrogen molecules at the surface where they subsequently diffuse into the metal lattice, 
forming bonds at interstitial sites and eventually lattice sites, creating palladium hydride 
(PdH). This structural change is referred to as alpha or beta phase depending on hydrogen 
concentration.  At normal temperature and pressure there is a miscibility gap present 
between the two phases. The transition from alpha to beta phase occurs around 0.1 – 2% 
hydrogen based on film properties. As the palladium absorbs hydrogen, the lattice expands 
up to 3% in each direction from 3.890 Å at 0% to 4.025 Å in the early beta phase; this 
results in a decrease in the resistivity of the metal and a change in the optical constants. 
Furthermore, repeated exposure to high hydrogen concentrations can lead to 
embrittlement, a common problem for metals exposed to hydrogen, at which point the 
mechanical properties can degrade [6,7]. 
 The change in conductivity of Pd films as a function of hydrogen concentration has 
led to very accurate and sensitive electrical sensors based on resistance measurements. In 
particular, thin granular films have been shown to be sensitive based on the lattice 
expansion producing or affecting conduction paths. J. van Lith et al. deposited small Pd 
clusters 3.5 – 6 nm in diameter between contacts on a silicon nitrate substrate below the 
percolation threshold. The resulting conduction paths relied heavily on tunneling gaps, 
where the gap distance is dependent on the cluster size. By measuring the decrease in 
resistance between the contacts during hydrogen exposure they were able to detect down 
to 0.5% hydrogen [8]. Palladium has also been incorporated into Schottky diodes [9] and 
carbon nanotubes [10] as contact resistance sensors, with sensitivities down to 15.2 ppm 
and response times as low as several seconds.  
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Of interest for optical sensors, however, is the change in the complex index of 
refraction which is due to an increase in the Fermi level. As hydrogen is incorporated into 
the lattice, the atoms act as electron donors, increasing the overall free electron density and 
shifting the Fermi level upwards. This upward shift reduces the number of free states 
available for optical transitions at low energy and results in a decrease in absorption rate 
[11]. This supports the measured decrease in reflectance (downward transitions) and 
optical constants as hydrogen content increases [5].  
 Based on this change there has been a lot of work done on developing optical 
sensors. These include: devices such as lasers where the palladium can affect the lasing 
conditions or wavelength [12], reflection/transmission or plasmonic sensors where optical 
setups are used to monitor thin films [11], and optical antennas capable of sensing very low 
concentrations of hydrogen [13]. In addition there has been work on optical fiber sensors 
where Pd is deposited onto the side or facet of an optical fiber. These fiber optic sensors 
can be divided into several categories based on mechanism. The most fundamental is a 
simple facet mirror where reflection/transmission of a thin Pd film can be monitored 
through optical fiber by depositing on a facet [14]. Similarly, the palladium can also be 
deposited on the sidewalls, typically with the cladding etched away, and the loss can be 
monitored as a function of hydrogen, so called evanescent or tapered fiber designs [15]. 
There are also sensors based on fiber Bragg gratings (FBGs) where the hydrogen induced 
lattice expansion can introduce strain, altering the resonance of the grating. FBG and 
tapered fiber designs in particular have proven to be the most robust in terms of selectivity 
and sensitivity and are among the best optical sensors to date [16]. 
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1.3 Research Outline 
The new research presented here is on the design, fabrication, and testing of an optical 
hydrogen sensor based on transmission characteristics of metallic nano-apertures. Cleaved 
optical fiber facets are coated with palladium and the nano-apertures are etched through to 
the dielectric surface through the use of focused ion beam (FIB) etching. The design 
encompasses a hybrid of two optical sensors: the basic facet mirror design by coating a 
fiber tip with a metal layer, and a plasmonic sensor where transmission through the 
aperture is enhanced by surface plasmons propagating through the aperture and at the 
interfaces. When exposed to hydrogen, the refractive index of the palladium will change, 
altering the transmitted power which can then be measured by a photodetector to detect 
hydrogen. 
By placing surface plasmon resonance (SPR) and modal peaks of the aperture at the 
operating wavelength, small changes in optical properties can produce a large response in 
measured reflection/transmission power or the spectrum itself. Furthermore, since 
transmission through the aperture relies on guided plasmon modes, which strongly confine 
the light to the metal interface, the mode overlap with the palladium is greatly enhanced 
compared to other fiber optic sensors, such as evanescent taper designs. The interaction 
between the palladium and the light can be further increased by using optically thick films, 
which will also help to isolate the effects of the aperture.  
In order to maximize transmission and provide an opportunity for feature 
optimization the aperture chosen is the so-called “C” aperture which has been shown to 
have enhanced, polarization-dependent, transmission and resonant characteristics due to a 
combination of guided modes and generated surface plasmons inside and at the aperture 
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interfaces [17,18]. The original aperture design is presented, as well as two iterations to 
improve sensor durability and hydrogen response at 1550 nm. The improved aperture 
designs were found theoretically by varying the parameters of the C aperture: the arm 
length, arm width, waist width, and waist height. To study these aperture designs 3D finite-
difference time-domain (FDTD) simulations were carried out using commercial software. 
In addition to aperture design, FDTD and finite element method (FEM) simulations were 
used to calculate the mode profiles and far field patterns of the aperture. To compare with 
the experimental results, simulations were also used to theoretically predict the hydrogen 
response of the sensor based on the change in refractive index and lattice constant. 
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Chapter 2: Background Theory and Device Fabrication 
2.1 Device Structure and Sensing Mechanism 
The fabricated sensor consists of a single mode fiber with a cleaved facet that is coated with 
palladium. The fiber is typical SMF-28 silica fiber and the metal is deposited by electron-
beam evaporation with a thickness varying between 100 nm and 200 nm. The actual sensor 
is a small sub-wavelength nano-aperture etched through the palladium film, down to the 
fiber facet, ideally not etching into the fiber itself. The aperture is centered over the core of 
the fiber to ensure overlap with the fiber mode. A schematic of the device is shown in Fig. 
2.1. The sensing mechanism is based on the change in optical properties, and hence the 
transmission through the fiber, with hydrogen. There have been several studies to measure 
the change in complex index with hydrogen concentration. Specifically, reported values at 
1550 nm of n = 2.958 – 0.033 Δ and κ = 8.356 + 0.067Δ, where Δ represents the percent 
hydrogen concentration, e.g. Δ=1 for 1% hydrogen, are taken based on prior work by the 
group [19]. Another possible sensing mechanism is from the hydrogen induced lattice 
 
Figure 2.1 – Schematic of sensor layout; the red layer on the aperture diagram represents 
palladium. 
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expansion, which assuming lateral adhesion, will result in induced strain and an increase in 
thickness of up to 10% [6]. 
2.2 Guided Modes and Surface Plasmons 
Fundamental to understanding the operation of the sensor is knowledge of basic 
waveguide physics and the formation and propagation of surface plasmon polaritons (SPP). 
This section will provide some basic background information relevant for understanding 
the theoretical operation of the sensor. This material is adapted from [20-23]. 
A waveguide is a structure that allows for guided electromagnetic waves to 
propagate. This guidance can be thought of as a result of total internal reflection, where 
light incident from inside the waveguide onto the walls is completely reflected back into 
the cavity. These eigenstates, or modes, have distinct electric and magnetic field patterns 
along with effective propagation constants, which can be used to determine the loss and 
reflection of the mode. The mode shapes and dispersion relations for each mode can be 
found by solving Maxwell’s equations. Assuming a sourceless domain and time-harmonic 
fields Maxwell’s curl equations reduce to  
  ×  = −  =  (2.1) 
  × = −	. (2.2) 
 
For example, for an infinitely long homogeneous waveguide we can assume two classes of 
modes, transverse electric (TE) and transverse magnetic (TM). The electric and magnetic 
fields for these two modes can be found by solving the Helmholtz equation for TE modes: 
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∇2 + 2	 = 0, (2.3) 
replacing H with E for the TM modes. The frequency dependent term can be recast as the 
wavenumber k, where 2 = 2 + 2 . Based on the symmetry of the problem for TE modes, 
the form of H can be assumed to be a propagating wave given by 
 
 = 
, , (2.4) 
which reduces the Helmholtz equation to 
 
∇t2 + 2(,) = 0. (2.5) 
To solve this equation the aperture domain must be broken down into regions so that the 
appropriate boundary conditions can be applied. In each region a form for the solution can 
be found based on Eq. (1.3) and unknown constants can be solved by applying the correct 
boundary conditions given by 
  ×  = 0,  × = ,  ⋅  = ,  ⋅  = 0. (2.6) 
This will produce an infinite class of solutions, each with a guidance condition, or cut-off 
frequency, which determines what frequencies that mode can support. For waveguide 
problems that cannot be formulated as a one-dimensional problem from symmetry this 
problem is best solved computationally, except for a small class of problems. The finite 
element method (FEM) is well suited for this and will calculate both the field profiles and 
the propagation constant kz, for each mode. For example, the dispersion relation for a C 
shaped waveguide (the “large” C aperture discussed later) surrounded by a perfect 
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electrical conductor can be calculated and is given in Fig. 2.2. In this figure each dashed line 
represents a different TE mode propagating in the waveguide. The x-intercepts of each line 
give the cut-off of the mode, the frequency or wavenumber below which that mode will not 
propagate. Below cut-off the fields are not confined and will decay exponentially or radiate 
as if in free space. 
As the light is propagating through the aperture, it can interact with the free 
electrons in the surrounding metal layer. This coupling between light and electric 
excitation of a material creates a quasiparticle known as a polariton.  When this interaction 
occurs at the surface of a plasma or, for optical frequencies, a metal, the result is a surface 
plasmon or surface plasmon-polariton (SPP) depending on convention. The surface 
plasmon can be thought of as a coherent oscillation of electrons along the interface 
between two media, depicted in Fig. 2.3a. The excitation of a surface plasmon requires a 
material with a positive permittivity, typically a dielectric, and one with a negative 
permittivity, typically a metal. The dispersion relation for surface plasmons is not the same 
 
Figure 2.2 – Dispersion relation for TE modes of a C-shaped waveguide. 
Each dotted line represents a separate mode. 
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as that of a photon, with SPPs having shorter wavelengths at the same frequency. The 
dispersion relation for a surface plasmon is given in Fig. 2.3b compared with that of a 
photon (diagonal dashed line). The asymptotic behavior of the SPP is due to the fact that 
the permittivity of the metal is frequency dependent. At low frequencies SPPs behave 
similar to photons; however, as the plasma frequency is approached they deviate 
substantially; typically, for metals such as Au, Ag, Pt, and Pd, the plasma frequency is near 
the optical regime (e.g.   1.8 x 1015 Hz for gold [25]). Normally phase matching prevents 
the direct excitation of surface plasmons, and momentum matching prisms or gratings are 
used to excite the wave. However, it has been shown that sub-wavelength features aside 
from gratings, such as slits or apertures, can directly excite surface plasmons [26]. 
2.3 C Aperture Design 
In order to optimize the dimensions of the aperture to produce the largest shift upon 
hydrogen exposure, 3D finite-difference time-domain (FDTD) simulations are used to 
model transmission through the aperture from a SiO2 substrate. The simulations are done 
using RSoft’s FullWAVE module and the built-in CAD system. Since the aperture is small the 
 
Figure 2.3 – a) Surface plasmon as a collective charge oscillation, decaying exponentially 
away from the surface. b) Dispersion relation for surface plasmon-polaritons in 
red. Figures courtesy of [12, 24].  
 
a)                               b)    
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entire fiber tip cannot be simulated without large non-uniform gridding; hence only the 
aperture and a small portion around it are considered.  Also, with the aperture located at 
the center of the fiber and overlapping a very small portion of the fiber mode, the 
fundamental Gaussian mode (LP01/HE11) of the single mode fiber is replaced with a plane 
wave, since the field is roughly constant over the aperture area. To calculate the total 
transmitted or reflected power, the transmission/reflection of the field around the 
aperture can be calculated much more simply as the fiber mode hitting the metal at normal 
incidence. Material parameters are based RSoft’s material library and double-checked 
through literature [25, 27]. However, since palladium is a dispersive material at optical 
wavelengths, FDTD requires a dispersion relation and the hydrogen-dependent refractive 
index values can only be used directly for FEM simulations. For FDTD simulations the 
frequency dependence is given by a Lorentz-Drude oscillator model [27]: 
 
	
 = 	1 − 	 0
2
( − Γ0) +
	2
(	2 − 2) + Γj ,

	
1
 (2.7) 
where Γj is a damping term, ωp the plasma frequency, and fj the oscillator strength for the 
jth interband resonance; f0 and Γ0 refer to the Drude term for intraband effects. The change 
in refractive index with hydrogen is ignored and unless otherwise specified a film thickness 
of 150 nm is used. 
To measure reflection a monitor or port is placed behind the launch field and the 
transmission is measured about 20 nm beyond the fiber facet in front of the aperture. 
Shown in Fig. 2.4 is a rendering of the model used to simulate the “C” shaped aperture. Note 
that the actual simulation domain is a square region truncated by perfectly matched layers 
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(PML) to eliminate boundary reflections. After creating the model and setting up the 
simulation, the results need to be tested for convergence and accuracy. The grid size was  
decreased from a value of l/20, where l is the smallest dimension, until a stable solution 
was achieved. The maximum time-step is given by the stability or Courant condition: 
 
∆	 ≤ 	 1
1 ∆2 + 1 ∆2 + 1 ∆!2 
	 
(2.8) 
and is also decreased slightly to achieve convergence, mostly to account for the use of 
 
Figure 2.5 – a) Dimensions of simulated “small” C aperture. b) Transmission spectrum for 
the aperture. 
 
 
Figure 2.4 –RSoft model of aperture; red represents SiO2 and blue the Pd layer. The black 
aperture area is defined as air. 
 
a)                               b)    
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metals and boundary layers [28]. Once a stable solution was achieved the results were 
compared to literature for similar work done on the transmission through C-shaped nano-
apertures to verify the accuracy [29]. For the dimensions given in Fig. 2.5a the resulting 
transmission spectrum (Fig. 2.5b) was calculated by using a modulated Gaussian impulse 
and taking the Fourier transform of the output. The labeled peaks in transmission and 
reflection of Fig. 2.5b are characteristic of the enhanced transmission of the C aperture. 
Typically for the sub-wavelength apertures the transmission would be expected to decay as 
λ-4[30], but by tuning the arm length and waist these resonances can be shifted to provide 
extraordinary transmission at certain wavelengths [17]. 
 The spatial electric and magnetic fields of the aperture can also be simulated using 
FDTD or, in this case, FEM. Simulations were done using standard tetrahedral meshing of 
the same structure used in the FDTD simulations. To excite a plane wave, a current sheet 
was used and PML was implemented to prevent back reflections from the domain at the 
back and front of the aperture. PML could not be used on the lateral boundaries of the 
domain because it altered the incident field. By using a very thin simulation domain the 
reflections from these sides can effectively be ignored. These simulations show a strong 
confinement. Furthermore, we also see a polarization dependence which is to be expected 
based on the lack of axial symmetry of the aperture. The two modes are distinguished by 
the primary electric field component, Ex or Ey. These two modes will be called TE (Ex) and 
TM (Ey) for simplicity; it is important to note, however, that the 3D aperture modes are 
hybrid modes and cannot be decoupled - TE and TM merely refer to the majority field 
vector. Figure 2.6 shows the TE and TM majority field intensities inside the aperture for the 
aperture dimensions given in Fig. 2.5a. For a TE excitation the mode will be confined by the 
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metal-dielectric-metal (MDM) slot waveguide along the vertical portion of the aperture. For 
a TM excitation, the mode is confined similarly in the arms of the aperture. In both cases 
the mode corresponds to the portion of the aperture that is sub-wavelength in the same 
direction as the excitation since boundary conditions force the field to zero when it is 
parallel to the metal interface. The confinement to these sub-wavelength regions is due to 
the fact that surface plasmons decay exponentially with distance from the interface. A wave 
propagating in the “wide” portions of the aperture cannot exist because the two SPP modes 
at both ends of the aperture are too far apart to add up to any appreciable field intensity in 
the center. For the TE mode the entire left side of the aperture couples to the ridge, and 
similarly for the TM case the top and bottom couple to the ridge. A field can be seen at the 
rightmost edges of the arms, which most likely corresponds to uncoupled propagating SPP 
modes. Coupled with the lack of cavity mode overlap, these SPPs at the end of the arms 
experience a high propagation loss and do not contribute significantly to transmission. 
 The field profiles, near-field spot size, and transmission spectrum for this aperture 
match well with literature [15,16,26]; however there are several problems with using this 
 
Figure 2.6 – Absolute values for the TE (Ex, left) and TM (Ey, right) majority field profiles 
for the “small” C aperture. Aperture outline in white. 
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design for the fiber tip aperture sensor. The most prominent issue is that the transmission 
for this aperture peaks at 710 nm and 1360 nm. There are two reasons for designing the 
aperture to have a spectral peak at the test wavelength of 1550 nm. First, even with 
extraordinary transmission, throughput is low, and maximizing light output is desired. The 
second reason is to attempt to improve the differential response by placing the test 
wavelength near, and slightly off center from, a peak. This will hopefully make any shifts in 
the spectrum caused by hydrogen more noticeable and produce a larger change in  
transmission. The other problem with this aperture design is more experimental, and it 
was found that such small apertures would not consistently survive hydrogen exposure.  
For this reason FDTD simulations were carried out by varying the aperture 
dimensions shown in Fig. 2.5a to attempt to move the spectral peak while at the same time 
using a larger aperture. The resulting aperture, which can be thought of as an exaggerated 
C aperture, is shown in Fig. 2.7. The vertical dimensions are the same as that of the “small” 
C aperture, but the arms are much longer. According to [17] the transmission peak is most 
affected by the arm length and waist width. These aperture dimensions are atypical of a C 
 
Figure 2.7 – a) Dimensions of simulated 1550 nm C aperture. b) Transmission spectrum for 
the aperture. 
 
a)                               b)    
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aperture which is usually more sub-wavelength in all directions, but this design was found 
to give a better response at the target wavelength and made a more reliable sensor. Note 
that the apparent decrease in transmission is an artifact of the simulation domain. By 
increasing the aperture length, the area included in the simulation increased quadratically, 
and subsequently included more light reflecting from the regions around the aperture. 
What is important, however, is the location of the transmission peaks at 620 nm and 1480 
nm, and the slope of the spectrum at 1550 nm. The advantage in centering the transmission 
at 1480 nm instead of 1550 nm was in keeping the aperture as sub-wavelength as possible, 
but not so small as to risk failing as the original “small” C aperture did, and to improve 
differential response. The field profiles for this aperture can also be calculated and are 
shown in Fig. 2.8. The TE and TM modes are almost identical to that of the smaller 
aperture, but are stretched to fit the new aperture dimensions. The polarization 
dependence of the aperture resulted in a polarization dependent loss (PDL) of 13 dB. The 
PDL is defined as the ratio of maximum power to minimum power, in decibels. The 
maximum transmission is associated with the TM excitation for this aperture. 
 
Figure 2.8 – Absolute values for the TE (Ex, left) and TM (Ey, right) majority field profiles 
for the 1550µm C aperture. Aperture outline in white. 
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2.4 Fabrication 
Device fabrication is a straightforward process. First, small pieces of bare fiber are cut and 
cleaved so both ends are flat; one facet is so that the tip can later be spliced back to 
connectorized fiber, and the other facet is for the aperture to be etched into. Batches of 
around 20 tips are then cleaned with isopropyl alcohol (IPA) and water to remove dust, 
dried, and mounted at an angle on a custom machined stainless steel plate using silver 
paint and placed into an evaporator where the palladium is deposited through e-beam 
evaporation. Typical deposition rates are around 1.5 Å/s. The tips are placed at an angle to 
get sidewall coating, which provides a conduction path for scanning electron microscope 
(SEM) imaging and focused ion beam (FIB) milling. The first batches were deposited with a 
target thickness of 100 nm and a measured deposition thickness of 150 nm with SEM. A 
high thickness value was chosen to isolate the effects of the aperture as a sensor, as 
opposed to simple thin film mirror designs. The discrepancy between target thickness and 
actual thickness is most likely due to a calibration error in the crystal monitor parameters 
for the CHA evaporator. Upon examination across multiple depositions, the thickness was 
found to be around 30% larger than the target value. More accurate measurements of film 
thickness would be needed to quantify this, but the contrast under high magnification on 
SEM gives a rough value for the thickness, as can be seen in Fig. 2.9. The tips are then 
transferred to another stainless steel mount, again using the conductive silver paint, to hold 
the samples in the FIB. An SEM image of several coated tips can be seen in Fig. 2.10. Film 
adhesion to the SiO2 substrate  
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was found to be of varying strength. Thicker films typically seemed to adhere more poorly 
and suffered from more frequent lift-off and peeling, as well as some tips having significant 
portions uncoated after deposition and transfer handling (e.g. Fig. 2.11). A very thin 
adhesion layer (e.g. 1-2 nm of Ti/Au) would most likely improve fabrication yield, but was 
not necessary. 
 
Figure 2.10 – SEM image of coated fiber tips, the rightmost fiber is uncoated and charging. 
The background is an image of the chamber vent. 
 
 
Figure 2.9 – Cross-section SEM image of a GaAs sample deposited with a Pd layer from the 
same deposition as a set of tips. The lighter colored layer is the Pd layer which 
was measured (blue) as  260 nm. This target deposition for this batch was 200 nm. 
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Etching of the apertures is then done through FIB (FEI Dual-Beam DB-235), which 
uses an ion beam to sputter away material. Feature sizes as small as 10 nm can be achieved 
with this technique [31]. Patterning is done through direct drawing of features in the 
control software. Alignment of the features to the sample is done manually through SEM 
imaging, where the sample is placed at a eucentric point, and the electron and ion beam are 
aligned to each other. Alternatively the mask can be placed with the use of an ion beam 
image, eliminating the need to align the beams, but risking damage or etching from ion-
bombardment during imaging. In addition to manual drawing of the mask, which supports 
basic shapes such as circles and squares, a bitmap mask can be created. This can only be 
etched in parallel mode; however, serial etching of features gives higher accuracy. A low 
beam current of 10 pA was used to provide accuracy and minimize over-etching. Over-
etching would alter the characteristics of the aperture, but most importantly, Ga+ 
implantation has been shown to increase absorption in SiO2 in the IR band which would 
 
Figure 2.11 – Fabrication yield for deposited tips was low due to film folding and defects. Here 
the right portion of the Pd film has folded over to the left; there are also several 
defect areas with no Pd coating. 
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decrease the already low transmission power [32]. The process for getting the correct 
beam and pattern parameters was iterative. Specifically there are several parameters, aside 
from beam current, that can be varied easily: dwell time, overlap, etch time, and pattern 
dimensions. Additional parameters can be changed by creating or modifying material 
configurations in the FIB software. For these devices, the dwell time and overlap were 
tested for a variety of values to obtain straight, smooth sidewalls, and reduce redeposition. 
Some parts of the aperture, specifically the center ridge, had to be patterned slightly larger 
than desired to counteract localized over-etching. One other complication is that for thin 
layers, the etching can create very inaccurate edges since the etch time is very short, less 
than 5-10 s for some films. For thicker films, short dwell times of around 0.1 µs and a 
setting of 0% overlap gave the best results. For thinner films a larger overlap, anywhere 
from 0 to 50%, is needed to avoid creating wavy edges during the quick etch, and the 
values depend on thickness. For the 150 nm thick films, etch times of 10-20 s were used 
depending on the aperture structure. Aside from these basic guidelines, the instrument 
settings varied not only for each set of depositions, but from tip to tip within the same 
batch, making a consistent recipe hard to produce. 
Both coated slides and fiber tips were used to coarsely calibrate the settings to get 
the etched aperture to match the designed one. Etch conditions for each tip were first 
calibrated on a test fiber deposited in the same batch and then double-checked near the 
very edge of the fabricated tip. Figure 2.12 compares one of the initial C apertures with a 
later batch, showing a reduction in over-etching and better control over feature sizes. After 
the apertures are etched, excess palladium is removed from the tips and they are spliced to 
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connectorized fiber with a fusion splicer and mounted in a custom-built flow chamber for 
testing. 
 The gas flow system can be seen in Fig. 2.13. The tubing is connected to mass flow 
controllers (MFCs) that control the hydrogen concentration through LabVIEW. Since the 
fusion splice leaves an appreciable portion of bare fiber, the mount was designed with a 
long tube to hold and protect the fiber. To measure the transmission, a collimation lens was 
built into the chamber which collimates the output from the fiber onto a broad area 
amplified germanium detector (Thorlabs PDA50B); the output from the detector is then 
recorded through LabVIEW. The input to the fiber was a 2 mW, 1550 nm laser. The 
chamber is constructed of two pieces of polycarbonate machined to fit together. A smaller 
 
 
Figure 2.12 – SEM images of the first batch of “large” C apertures with target dimensions 
shown (top left) contrasted with a later batch (top right). A significant reduction 
in over-etching was achieved. At bottom is a tip with an aperture etched into the 
center. 
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square portion has threads tapped to hold the lens, which is sealed in place with silicone. 
This portion of the chamber also has 1/8” through-holes drilled and tapped outside for 
1/8” NPT pipe connectors. The cylindrical tube has a 1/16” hole drilled partway through, 
which opens up to a 1/8” hole to facilitate drilling near the exit into the gas flow area. The 
other end was drilled out and tapped to Thorlabs SM05 threads, as a cap and tube system 
from Thorlabs is used to hold the fiber in place, and then sealed with silicone. The deviation 
of the fiber tip from the center of the lens is around 1 mm. 
 
  
 
Figure 2.13 – Schematic of the gas test chamber. 
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Chapter 3: Experimental Results 
3.1 Experimental Setup and Procedure 
For testing, the fibers were placed in the test chamber as described and connected via 
standard SMF patch cables to a 1550 nm laser with input powers ranging from 1.5 to 2.5 
mW. Power was changed occasionally to prevent laser instability since it is left on for long 
periods of time. An optical isolator was also included directly after the laser to prevent 
back reflections from getting into the laser cavity and causing power fluctuations. The 
amplified detector gain for transmission measurements ranged from 30 to 50 dB and was 
adjusted to allow the signal to utilize more of the available voltage range, which was 0-10 V 
for the photodetector. The photodetector was terminated by a 50 Ω resistor for impedance 
matching. The transmitted power was monitored and recorded by custom LabVIEW code 
which also controlled the hydrogen concentration via the MFC. Initially voltages were 
measured through a digital multimeter (DMM) connected via GPIB. Due to occasional 
problems with the GPIB connection, the data acquisition rate was not uniform, and there 
were occasions when several cycles passed before a new data point was received, resulting 
in what looks like missing data in plots, as seen in the figures in Section 3.2. In later 
measurements a PCI-6010 National Instruments data acquisition card (DAQ) was used to 
directly record voltages. Normalization of the transmitted power to the input power is 
desired to remove experimental error, and initially a 50/50 splitter was included before 
the fiber to allow the measurement of input power and reflection. However, it was found 
that this splitter introduced too much noise into the system, and the change in reflected 
power was negligible, so this was removed. Very recently this was replaced with a 99/1 
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splitter that was found to introduce minimal noise and allowed the normalization of the 
transmission. The detector for this is a fiber-coupled, non-amplified detector, which is 
terminated with a 10 kΩ resistor to convert the photocurrent produced by the detector to a 
measureable voltage, also recorded by the DAQ card. For the DMM setup the data was 
averaged over 10 s intervals using the DMM. For the DAQ setup, transmitted power and 
recently input power, are measured simultaneously at 25 kHz and averaged for 15,000 
samples, recording the minimum, maximum, mean, and variance over all the samples. The 
mean value is recorded as the transmitted power. For some measurements this was 
followed by a post-processing step involving a median percentile filter to remove noise 
from the DAQ, typically using a 20 sample bin, which gives roughly the same distance 
between data points as the DMM setup. 
The gas mixture is created by combining the flow of two MFCs; the N2 gas flow was 
kept at 5000 sccm through a constant voltage source. After passing through the chamber 
the mixed gas is pulled into the vacuum dump line supplied by the building. Initially, to 
adjust the H2 MFC, the control software and hardware, interfaced with LabVIEW, was used 
which allowed direct control of the flow rate. After rearranging lab equipment, a new MFC 
was in place for the setup and the analog output of the DAQ was used to change the flow 
rate; however, this card cannot supply the necessary current needed to drive the MFC. A 
buffer op-amp circuit was built to transfer the appropriate voltage to the MFC. The initial 
circuit that was built had a voltage offset; this resulted in the inability to set the flow rate 
below 25 sccm, and to shut off the flow, using LabVIEW. This issue affected several device 
measurements, specifically the second presented batch of results for the “large” C aperture. 
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A new circuit was then designed using a different op-amp and configuration that alleviated 
this issue, allowing for a complete N2 purge of the chamber between hydrogen pulses. 
 To measure the response to hydrogen, various H2/N2 cycles were used initially, 
ranging between 0.5 and 4% hydrogen in nitrogen. Eventually a standard pulse test was 
devised to allow easier comparison of the various sensor projects in the group, and to show 
both repeatability and responsivity. The standard pulse test consists of a periods of H2 
followed by an N2 purge with the hydrogen concentrations [0.5, 1, 1.5, 2, 0.5, 2, 1.5, 1, 0.5]. 
The values of the pulse test were modified for various batches, but a constant increment 
between test concentrations was kept, since larger concentrations were found to push the 
film through a phase change, which could potentially degrade the film. Cycle time was 
varied somewhat to allow for saturation, but for the majority of the devices a 50% duty 
cycle, 60 minute period was adequate. 
3.2 Small C Aperture 
The first set of apertures fabricated used 200 nm thick films, with dimensions given 
previously by Fig. 2.5a. Since they were the first set milled with the FIB, the quality of the 
etching was poor in some cases, and they were also typically over-etched. Figure 3.1 shows 
high magnification SEM images of two of these apertures with typical fabrication issues. 
The main issues with fabrication were sample or beam drift occurring during the etch, 
resulting in wider etch areas or defects such as those seen in the top portion of the 
aperture in Fig. 3.1a. The other, more controllable, problem was over-etching. This typically 
resulted first in etching away of the center ridge of the C, as seen in Fig. 3.1b, and 
eventually etching away of the edges of the aperture, creating a convex V-shaped taper 
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similar to that obtained from positive photoresist in optical lithography. In addition, there 
is the straightforward deeper etching into the SiO2 substrate, resulting in more implanted 
Ga+ ions and an increase in absorption in the fiber, as well as making simulations less 
accurate. Figure 3.1c displays another fabrication problem, which is uncontrollable. In the 
aperture is metal that has been re-deposited. When the ion beam sputters away material, 
small pieces can sometimes break off or reform and fall back on the sample; this process is 
called redeposition and increases in severity with larger beam currents. Unfortunately, 
sometimes re-deposited material lands in the aperture, which may adversely affect 
performance. However out of all the apertures fabricated, a few were suitable for testing. 
Since these were the initial devices, a standardized testing method had not been 
 
 
Figure 3.1 – a) SEM images of a “small” C aperture showing ridge over-etching and drift 
problems, 350kX magnification. b) Same aperture, 650kX, the Pd layer can be 
seen more clearly. c) A different “small” C aperture with significant 
redeposition. 
 
a)                             b)    
c)  
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established yet, and they were exposed to steps of hydrogen concentrations to see if there 
would be any response at all. Shown in Fig. 3.2 is the first tested device exposed to 
hydrogen concentrations increasing from 0% to 4%; the changes were done manually 
looking for a response, so the period is not uniform. There is a very slight increase in 
transmission at 1% hydrogen concentration, but this is barely discernible due to a low 
signal-to-noise ratio (SNR). Increasing the hydrogen concentration to 2% showed a more 
noticeable decrease in power, but after roughly 20 minutes there is a very large drop in 
power, with no visible response to 3% hydrogen. This drop-off in transmitted power was 
also seen with other tips at hydrogen concentrations as low as 1%. After failure, which was 
denoted by a cutoff in transmission, the devices partially recovered, again transmitting 
light, but there was no further predictable response to hydrogen. These small apertures 
were examined with SEM after exposure and they showed significant charging, as well as 
large lumps and cracks in the vicinity of the aperture (Fig. 3.3). Ion beam images would  
 
Figure 3.2 – First test of a “small” C aperture under hydrogen exposure. There is a large drop 
off in power after exposure to 2% hydrogen, after which the sensor stops 
responding reliably. 
 
29 
 
 
not have suffered from charging, but could have caused damage that might be confused 
with, or hide, existing damage. Whether or not this was related to the failure of the 
aperture or just damage to the film over time is uncertain, but is probably a combination of 
both. The charging is widespread, but this is characteristic of even localized insulating 
areas as the beam can be deflected or the detector can be randomly excited by erratic 
bursts of charge [33]. The metal film can still be seen on the edges of the tip and up to 
halfway to the center. Another explanation is that the entire film has started to lift off, 
limiting the size of conduction channels. However, there is a noticeable circular shape and 
spidering around the aperture. The appearance of the aperture itself is not indicative of 
anything as these samples were overetched and the aperture shape would also appear in 
the SiO2. The use of larger, less resonant apertures alleviated the problem, even for 
apertures milled on films deposited at the same time. This trend was confirmed through 
testing of several apertures. The reason for the failure of the smaller apertures is not 
known, but is thought to be a result of lattice expansion deforming the aperture and 
resulting in lift-off or closing of the metal layer at the top during hydrogen exposure due to 
  
Figure 3.3 – a) Another failed “small” C aperture showing an inconsistent hydrogen 
response. b) SEM images of a failed aperture showing charging and center 
defects. 
 
a)                                     b)    
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contact of aperture edges or slipping. The adhesion of Pd to the glass is not incredibly 
strong and it is conceivable that small apertures, with their smaller perimeter over which 
force is distributed, would slip and deform as the entire film underwent expansion. In 
either case, they did not make good sensors due to reliability issues. 
3.3 Large C Aperture 
The next iteration of sensors was designed larger to attempt to solve the reliability issues 
of the smaller apertures, both in terms of fabrication accuracy and over-etching, and 
resolving the failure issue. As simulations were still being worked on to design a custom 
aperture based on its spectral properties, the small C aperture was simply scaled up by a 
factor of 2x. The size of this aperture is much larger than typical C apertures, but is 
technically still sub-wavelength. The larger surface area and weaker confinement of the 
mode, however, were expected to result in a smaller change in transmission with hydrogen. 
On the other hand, the larger design was easier to optimize in terms of etch conditions to 
produce a clean, accurate aperture. The two scaled up large C apertures in Fig. 3.4 can be 
compared to Fig. 2.12 and show much cleaner edges, and a significant reduction in over-
etching. Due to small variations in film thickness, it was found to be very difficult to 
completely eliminate the over-etching by finding a standard recipe. Furthermore, the 
etching process is not completely uniform, and etching down to the edge of the metal layer 
resulted in a bumpy surface where portions of metal still remained due to the short etch. 
This effect will be shown later during calibration for the designed 1550 nm C apertures. 
The best apertures with this design were over-etched roughly 50 nm into the SiO2, and 
were fabricated on a 200 nm thick film. The older, small apertures and the initial large 
apertures were over-etched by up to 400 nm. 
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Some of the initial data from the first batch of these C aperture sensors is shown in 
Fig. 3.5. The data in Fig. 3.5a is for 1% hydrogen exposure and a cycle time of 1 hour was 
chosen. The devices do not fully saturate (full saturation is a slow process for most of the 
thick film samples) but the bulk of the measured change occurs within the cycle window. 
Fig. 3.5b shows the results for exposure to 0.5% hydrogen. A measured power decrease of 
around 1.3% and 0.8% was seen for 1% and 0.5% hydrogen respectively. Figures 3.5c and 
3.5d show individual cycles for 1% and 0.5% hydrogen respectively.  Fall times (10-90%) 
were measured to be less than 20 min for the sensors with rise times longer, around 40 
minutes. The longer rise times are most likely due to diffusion through the thick film. 
During initial exposure to hydrogen, the gas dissociates and diffuses in through the surface 
of the Pd layer, where the field is the strongest. The saturation of this outer portion of the 
film occurs first, and then the H2 diffuses deeper into the film, interacting with weaker 
portions of the field and causing structural changes. However, as the film outgases, the 
hydrogen content at the surface remains high throughout most of the diffusion process as 
 
Figure 3.4 – SEM image of two “large” C apertures; the edges of these apertures were much 
cleaner and dimensions matched well to the designed aperture. There was also a 
reduction in over-etching compared to Fig. 3.1.  
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the hydrogen deep inside the Pd layer must pass through the surface. This “first in, last out” 
behavior results in a longer recovery time than response time for the sensor. The sensors 
also showed good repeatability between cycles with the power change and response times 
remaining uniform. 
With the improvement in aperture fabrication and a reduction in the over-etching of 
the aperture depth, the second iteration of sensors with these dimensions showed better 
responses to hydrogen, although a fair comparison is hard to make because of technical 
issues with the test setup. The testing of these apertures was affected by the offset in the 
MFC control circuit, and thus the cycles go from 0.5% hydrogen to the test concentration. A 
manual N2 purge was conducted between tests. Figure 3.6a shows a single pulse test with 
concentrations varying between 1% and 0.75%, cycling between the test concentration and 
0.5% with a period of 1 hour. Again these devices do not show complete saturation for 0-
 
Figure 3.5 – a,c) Transmission response to 1% hydrogen. b,d) Transmission response to 0.5% hydrogen. 
a)                              b)    
c)                              d)    
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1% hydrogen. They also show a percent change several times larger than the first batch.  
Specifically, a decrease in power of 3% was found for 1% hydrogen concentration, a factor 
of 2.3x higher than the initial set of devices. The data recorded for these sensors also shows 
good repeatability, and the ability to distinguish differences as low as 0.05%, although the 
minimum detection limit was not established. Figure 3.6b shows a single cycle at 2.5% 
hydrogen with a fast response time on the order of several minutes.  Figure 3.7 shows the 
same aperture during one of the standard pulse test measurements for comparison to later 
aperture data. 
3.4 Exaggerated 1.55 μm C Aperture 
The scaled up apertures showed much better reliability, but were not designed in any way, 
and it would be beneficial to have the transmission resonance of the aperture near 1550 
nm. As mentioned previously, simulations were carried out to design a better aperture, 
while still keeping it large enough to try to avoid the problems that plagued the smaller 
aperture devices. The dimensions of this aperture were given in Fig. 2.7. The most notable 
difference between this aperture and the small C is the longer arms; the ridge and 
  
Figure 3.6 – a) “Large” C aperture from later batches exposed to hydrogen concentrations in 
0.05% steps showing a distinct change in transmission. b) Zoomed in response to 
2.5% hydrogen showing a response time under 2 minutes. 
 
a)                                         b)    
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arm height remain the same. In order to determine the appropriate etch times for the 
aperture, extensive calibration was carried out for each set of tips that were deposited. 
Even for tips with the same target deposition thickness, differences on the order of 10 nm 
are common, and the quality of the film can be different resulting in different etch times. To 
calibrate the etching, a practice tip was used to iteratively try various combinations of 
settings. A portion of one of the calibration tips can be seen in Fig. 3.8. These apertures 
were etched into a film with a measured thickness of 150 nm. For all of the tips with this 
film thickness, a 0% overlap and 0.1 μs dwell time were used. The etch times tested varied 
from 10 s to 20 s with a 10 pA beam. As can be seen, the low etch time resulted in almost no 
over-etching, but the aperture is poorly defined. Increasing the etch time in small (0.1 s) 
increments did not solve the problem until a small over-etch was achieved, at 14 s. 
Increasing the etch time further increased the over-etching and did not result in any 
improvement in aperture shape. After using the calibration tip, a test aperture is milled into 
the edge of all of the fabricated apertures to ensure the settings will work. This is done to 
 
Figure 3.7 – “Large” C aperture exposed to the standard pulse test. 
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not waste the tip, since accurate re-etching is almost impossible if the sample is under-
etched, and over-etching cannot be fixed. Fabrication is time-consuming and access to the 
FIB is limited, so while not ideal, this was done to get maximum usable yield. A final 
fabricated aperture can be seen in Fig. 3.9, with the contrast turned up to show the metal 
layer. The over-etching in this aperture was measured to be approximately 40 nm. 
 
 
 
Figure 3.9 – SEM image of a 1550 nm C aperture with high contrast to clearly show the 
palladium layer. Over-etching for this sample was minimal with the downside of 
having slightly wavy edges. The dark patches are differences in film structure 
from the deposition. 
 
 
Figure 3.8 – SEM images taken of calibration sample showing apertures for various etch 
rates. The lighter layer is the palladium.  
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This batch was then initially tested using a pulse test ranging from 0.5% to 2% 
hydrogen. A 50% duty cycle, 60 minute period was used. These results can be seen in Fig. 
3.10, where some interesting behavior is observed. The first and most stark difference is 
that, rather than decreasing like previous samples, the transmission actually increases 
during hydrogen exposure. These devices also showed a much larger power shift, 
approximately 5.5% with just 1% hydrogen, which is a larger shift than the large C 
apertures showed at a higher hydrogen concentration of 2.5%. Looking at just the 1% 
pulse, comparing across several pulses a rise time of 9±1 minutes was observed, and a fall 
time of 11±1 minutes. This was calculated using a 10-90% value metric, with rise time 
referring to hydrogen exposure, and fall time referring to relaxation during a purge period. 
The second noticeable difference is the odd behavior that starts occurring at 1.5% 
hydrogen. There is a noticeable “kink” in the power shift, both during rise and fall periods. 
A different pulse test showing this behavior can be found in Fig. 3.11. After this kink occurs 
 
Figure 3.10 - 1550 nm C aperture exposed to a standard hydrogen pulse test with high 
concentrations. 
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there is a noticeable increase in rise and fall time of the sensor. In fact, for 2% hydrogen, 
the sensor does not return to the baseline in the 30 minute nitrogen purge window, 
whereas for concentrations below 1%, the sensor fully recovered within 15 minutes. This 
kink is thought to be the onset of the α-β phase change in the palladium layer. During this 
change the incorporation site of the hydrogen shifts from interstitial sites to lattice sites, 
and the film begins to undergo significant structural changes. This results in a sharp 
increase in the lattice constant and hence film thickness. There is also the potential for the 
release of stress in the film as it expands due to dislocations or plastic expansion along the 
aperture boundary. The hydrogen concentration at this time is also consistent with this 
theory, since phase changes can occur below 2% depending on film properties. Further 
testing showed that 1.5% was an accurate value for when this transition occurred. Slightly 
lower concentrations eventually resulted in this behavior, but only after prolonged 
exposure to hydrogen. Below 1% there was no phase change even after days of exposure. 
The effect of this phase change is a double saturation effect. Prior to the onset of the 
change, the saturated powers follow a certain power law trend, which will be discussed 
 
Figure 3.11 – Pulse test for a 1550 nm C aperture showing the “kink” in transmission 
associated with a phase change labeled by black arrows.  
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later. After the phase change, however, the change in transmission jumps dramatically, far 
more than is expected based on 0-1% hydrogen concentration data. As seen in Fig. 3.10, 
there is an increase in transmitted power of 3% for 0.5% hydrogen, and 5.5% for 1% 
hydrogen, whereas Fig. 3.11 shows a power increase of over 12% during exposure to 1.5% 
hydrogen. Increasing hydrogen concentration leads to a decrease in the rise times of both 
the initial power increase, and the phase change-induced power increase. It seems, 
however, that this second power rise plateaus for a bit, and then starts rising again, as seen 
in the second 2% peak in Fig. 3.11. In fact, it was found that higher hydrogen 
concentrations led to large, but erratic, power increases and decreases over long 
exposures, making for a poor sensor. Furthermore, these phase changes represent large 
structural changes which have been shown to degrade film quality. Due to this, exposure 
concentrations were limited to 1% for future apertures. 
One of these apertures was flooded with 100% hydrogen overnight and then 
purged, a process that is referred to as work hardening. After the purge the sensor was 
again exposed to a pulse test, the results of which are shown in Fig. 3.12. Interestingly, after 
the work hardening, the aperture showed power decreases with hydrogen exposure. 
Furthermore, the decrease in power was more than a factor of two larger than the original 
power increase. The change in response is expected based on the knowledge that exposure 
to a large concentration of hydrogen stretches the lattice and results in permanent, plastic 
deformation of the film [34]. The disadvantage, though, is an apparent increase in response 
time of the sensor with full recovery and saturation not occurring within the test cycle 
period. 
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3.5 Polarization Dependence 
Based on the simulation results for the exaggerated C aperture, which showed strong 
polarization dependence for transmission, the polarization dependence of the hydrogen 
response was investigated for this aperture. As a control, both for validating the use of a C 
aperture, and for the polarization measurements, a circular aperture was fabricated with 
the same area as the C aperture (0.263 μm2). Micrographs of one of these apertures can be 
seen in Fig. 3.13. There is noticeable redeposition inside the aperture. 
The transmission for two orthogonal polarization states was measured concurrently 
by using a polarization scrambler to constantly cycle through the entire Poincaré sphere at 
10 Hz and then recording the minimum and maximum values over several cycles. The 
recorded minimum and maximum were then averaged using a median filter to remove 
spikes associated with non-uniformities in the sampling of the polarization states. Given 
the heavy one-sidedness to the noise, this provided better results than simply averaging 
 
Figure 3.12 – Standard hydrogen pulse test with lower concentrations for a 1550 nm C 
aperture after hydrogen work hardening. Note the reversal in hydrogen 
response; power now decreases with hydrogen content. 
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over several cycles. The laser was connected to the scrambler, which was then connected 
directly to the fiber tip. Values for transmitted intensity, given in arbitrary units, can be 
seen in Fig. 3.14. Figure 3.14 also shows the transmitted power before and after the median 
filter is applied. The one-sided noise is due to the fact that sometimes during the collection 
window the absolute maximum (or minimum) value is not recorded due to the random 
nature of the scrambler. The desired minimum and maximum values are represented by 
the envelopes of the minimum and maximum curves. The median filter removes the 
 
Figure 3.14 – Unfiltered (left) and filtered (right) absolute transmitted power for a 1550 nm 
C aperture for two orthogonal polarization states. 
 
 
Figure 3.13 – SEM image of a circular aperture with the same aperture area (r = 275 nm) as 
a 1550 nm C aperture. There is visible redeposition. 
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relatively few points that give the plot its noisy appearance and capture this envelope 
accurately. Based on the values of power in Fig. 3.14 a maximum to minimum ratio of 1.8 is 
calculated, which is equivalent to a 2.6 dB PDL. 
 The same procedure was repeated for the circle aperture, and the results in terms of 
power change can be seen in Fig. 3.15 for both the C aperture and the circle. From this 
figure the power change of the circle aperture is seen to be much lower than that of the C 
aperture. In fact, the circle aperture data was extremely noisy and even after filtering the 
response to hydrogen is hard to discern given the poor SNR. A maximum power change of a 
1.5% power increase was observed for the circle aperture. Curiously, a PDL of 1.2 dB was 
also observed for the circle aperture. Another observation is that, for the C aperture, 
initially the minimum transmission state has the maximum power shift, but as hydrogen 
 
Figure 3.15 – Standard hydrogen pulse test for minimum and maximum polarization states 
for the 1550 nm C aperture (top) and circle aperture (bottom) after filtering. 
The 1550 nm C aperture is noticeably more responsive, with a clear polarization 
trend. 
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content increases, the maximum power state overtakes the minimum and eventually has a 
larger power shift at 1% hydrogen. The cause of this is not known at this time, but may be 
related to the difference in modal overlap with the palladium for the two modes. 
To examine this polarization dependence the minimum detection limit (MDL) of the 
sensor was calculated for the two polarization states. Given the limitations of the test 
equipment to 0.25% hydrogen, the MDL of the sensor was found statistically using the 
method of Hubaux and Vos [35]. This method defines the MDL as the minimum 
concentration that could be confused with the zero or critical level by using calculated 
prediction intervals. The maximum response, or fractional power change in this case, that 
can be confused with zero is called the decision limit and the MDL gives the maximum 
hydrogen concentration whose prediction interval overlaps with the decision limit. 
Graphically this method can be used by plotting the measured and extrapolated fractional 
power change vs. the hydrogen concentration along with the 95% prediction interval. The 
y-intercept of the upper prediction interval gives us the decision limit, and the hydrogen 
concentration whose lower prediction interval has the same value is the MDL. The 
response of the sensor at low concentrations was found by extrapolating a power law fit, 
which appears to be a good model for the data. The extrapolated and experimental data can 
be seen in Fig. 3.16, showing the prediction interval, confidence interval, and MDL of the 
device for both polarizations. The minimum polarization showed a lower MDL of 150 ppm, 
while the maximum polarization showed a MDL of 630 ppm. However, for the maximum 
polarization, there was a higher sensitivity to hydrogen concentration. The lower 
sensitivity of the minimum polarization allows for the detection of smaller hydrogen 
concentrations before a decision limit of a 0.5% power change is reached. 
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Figure 3.16 – Minimum detection limit for the maximum polarization (left) and minimum 
polarization (right) of a 1550 nm C aperture. 
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Chapter 4: Discussion 
4.1 Experiment versus Theory 
In an effort to understand the mechanics for the power shift with hydrogen more precisely, 
and enable the design of better sensors, theoretical work was done through simulations to 
try to model the experimental results. In doing so several discrepancies arose, which can be 
placed into two sets of problems. The first is the large difference in the magnitude of the 
PDL of the 1550 nm C aperture. According to simulations there should be a PDL of 13 dB, 
while experimentally a PDL of only 2.6 dB is observed. This represents more than a factor 
of 10 in the power ratio. Also, the circle aperture, which should be polarization 
independent, was found to have a PDL of 1.4 dB. The PDL of the circle aperture was partly 
solved by analyzing the PDL of the test setup, which was found to be 0.4 dB. The remaining 
polarization dependence is attributed to redeposition and slight ellipticity, which creates 
an asymmetry in the aperture. The 10 dB difference for the C aperture, however, cannot be 
explained by these fabrication problems. For the C aperture, one theory is non-uniform 
radiation from the aperture causing light collection differences. Another theory is that the 
slight over-etching of the aperture is creating a rough surface layer for the SiO2-aperture 
interface, and this is causing scattering into the aperture which could cause mixing 
between the two modes. 
 The second major problem is that so far the experimental power changes have not 
been able to be accurately modeled based on a refractive index change. Simulations show 
that the change in power with the known values for the complex refractive index is strictly 
monotonic for films down to 50 nm thick; the power should always decrease with 
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hydrogen content, as the loss in the material increases. However, experimental data has 
shown widely varying power changes, both increasing and decreasing. One possible 
explanation is that the refractive index values that are tabulated for 1550 nm with 
hydrogen are inaccurate. However, another consideration that most likely plays a role is 
the lattice expansion of palladium with hydrogen. This expansion could both alter the 
lateral dimensions of the film, and create significant changes in the film thickness, affecting 
the length of the aperture. 
4.2 Collection Efficiency and Aperture Scattering 
To investigate the polarization dependent loss discrepancy, the far-field radiation pattern 
of the aperture was calculated for both the TE and TM modes using RSoft. Since the RSoft 
simulation includes both forward and backward propagating waves, the multi-plane far-
field calculation could only be used if the back plane, which physically corresponds to some 
portion of the optical fiber where the beam is confined and not radiating, is ignored. It is 
also easy to assume that since the exit plane of the simulation domain is very close to the 
aperture, no near-field radiation should escape to the lateral boundaries of the domain. 
Therefore, to calculate the far-field, a single plane integral of the near-field at the exit plane 
of the aperture is computed. This results in a 3D radiation pattern that will show if there is 
any preferred emission direction for either mode.  
The far-field pattern for the TE mode can be found in Fig. 4.1 and the pattern for the 
TM mode can be found in Fig. 4.2. In the figure is both a 3D rendering of the far field, where 
radial distance from the center and coloration indicates field strength, and a top down view 
of the far-field. As can be seen from Fig. 4.1 there is in fact an angular dependence of the 
radiated field for the TE mode. This direction corresponds to the left side of the aperture as 
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shown previously in Fig. 2.7 (visually the vertical part of the letter C). The radiated field for 
the TM mode is also seen to have a slight angular dependence, with a slightly elliptical spot, 
rather than circular. How much of a role this effect has depends on the orientation and 
alignment of the fiber tip to the detector. The fiber is almost certainly not aligned perfectly, 
and is most likely emitting at an angle to the collimation lens and then indirectly to the 
detector. However, the lens should have a large enough numerical aperture (0.62) and be 
close enough to the detector that the effect of this slight deviation is minimal.  
Furthermore, the TE mode is the one radiating at an angle, and less likely to be 
efficiently collected, but it is also the mode that theoretically has the lower transmission, so 
together both of these effects should exaggerate the polarization dependence, not minimize 
it. If the misalignment were just right, however, this angular dependence of the two modes 
could account for a small portion of the discrepancy. Based on this, the discrepancy is most 
 
Figure 4.1 – 3D (left) and top-down (right) far field radiation patterns for the TE mode. The 
axes correspond to the same directions as seen in Fig. 2.7. The vertical part of 
the C corresponds to the left hand side of the figures. Units in microns. 
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likely either due to fabrication problems or Ga+ implantation resulting in scattering 
centers, either of which could potentially deflect the incident field into both modes; or the 
problem could be a result of some assumption that was made about the aperture. For 
instance, there could be some light either propagating through the thick film, or there may 
be small defects in the film that allow light to pass through.  
Films with no etched apertures were tested multiple times, and showed a very small 
response to hydrogen. The hydrogen pulse results for an 80 nm film are shown in Fig 4.3. 
Even at half the film thickness, the response to 1% hydrogen is only a 0.7% power 
decrease. For a 150 nm thick film, some light will still pass through; this can be roughly 
calculated based on the imaginary part of the refractive index as: 
 "
"0 = #
2 . (4.1) 
Given than κ = 8.35, k = 2π/λ, λ = 1.55 μm, T = 0.2, and d = 150 nm, an attenuation in 
intensity of -51 dB can be calculated. This equates to roughly 0.0007% of the light, or 
 
Figure 4.2 – 3D (left) and top-down (right) far field radiation patterns for the TM mode. The 
axes correspond to the same directions as seen in Fig. 2.7. The vertical part of 
the C corresponds to the left hand side of the figures. Units in microns. 
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around 20 nW of power for a 2.5 mW incident beam, which is about 1/300 the measured 
power (6 uW). If we assume the peak measured power is the maximum transmission 
through the aperture, then the minimum transmission should be above this noise floor. 
However, this assumes that the film is uniformly thick; it is possible that there are thin 
spots on the film that allow more light to propagate through. It is conceivable that a 
combination of scattering, film defects, light collection problems, and PDL in the system 
could account for the remainder of the difference. The effect of the film could be tested by 
measuring the PDL for various film thicknesses. For very thick films of 250 nm, the same 
calculation gives a -73 dB attenuation of the intensity, which is 20 pW of power, well below 
the amount of light transmitted through the aperture. For thin films of 50 nm, 
approximately 20 μW of power would leak through the film, which would make the 
polarization effects of the aperture negligible. 
 
Figure 4.3 –Hydrogen pulse test for an 80 nm thick film without an aperture.  
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4.3 Effects of Lattice Expansion on Transmission 
To model the effect of the change in optical properties of palladium with hydrogen, finite 
element method (FEM) simulations using the commercial software COMSOL were carried 
out. The reason for using FEM over FDTD is that in order to use FDTD a new dispersion 
relation for the palladium would be needed across a wide range of frequencies. This is due 
to the fact that even for continuous wave (CW) FDTD simulations, the initial ramp of the 
excitation in time produces other frequency components, which must be accurately 
modeled until steady-state is reached, requiring a frequency dependent dispersion relation. 
By using FEM simulations, this problem can be ignored and only the refractive index 
change at 1550 nm is necessary. The results of these simulations using the aforementioned 
refractive index values of n = 2.958 – 0.033 Δ and κ = 8.356 + 0.067Δ, where Δ is the 
percent hydrogen concentration, are shown in Fig. 4.4 with experimental data for a 150 nm 
thick 1550 nm C aperture. Since the imaginary part of the refractive index increases with 
hydrogen at this wavelength, the loss of the Pd layer also increases, and hence the power is 
 
 
Figure 4.4 – Theoretical vs. experimental hydrogen response for a 150nm thick 1550 nm C 
aperture.  
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expected to decrease. However, for other wavelengths, such as 835 nm [24], the trend is 
actually the opposite, and the imaginary part of the refractive index decreases with 
hydrogen, which would have the effect of making the theoretical slope positive instead of 
negative. This raises concern over the accuracy of the refractive index data, which is 
currently being investigated. Even though the exact values of the refractive index data 
could be inaccurate and even assuming that kappa actually decreases with hydrogen, there 
is still a substantial difference in the magnitude of the transmission change, over a factor of 
4x. This is compounded by the fact that work hardening with exposure to pure hydrogen 
causes a reversal in the power shift, something that cannot be explained through the 
refractive index.  
To try to explain this difference, the effect of lattice expansion was modeled. 
Assuming that the film does not expand laterally, as this would amount to several microns 
of expansion and would only be possible if the film delaminated from the surface, a change 
in thickness of up to 10% may occur during the beta phase transition. This could have two 
potential effects on the aperture. First, the increased propagation length would result in a 
longer interaction with the palladium layer, and potentially more loss. However, this effect 
could be confounded with the change in refractive index. Secondly, there is a small 
reflection that occurs at the exit port of the aperture which will propagate backwards and 
interfere with the forward propagating mode [26,36]. This is analogous to a low reflectivity 
Fabry-Pérot cavity (see Appendix A) and could result in an oscillatory dependence on 
thickness where, as the cavity lengthens, the two waves interfere constructively and  
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transmission actually increases (Fig. 4.5). Since the wavelength of the light inside the 
aperture is dominated by the plasmonic modes propagating along the palladium layer, the 
wavelength is comparable to the thickness of the film, allowing for a strong dependence on 
thickness. The free spectral range and transmission intensities would be strongly 
dependent on the effective index of the waveguide mode, and on the optical constants of 
the palladium layer.  
This effect was simulated using FDTD by calculating the transmission through the 
aperture for thicknesses ranging from 50 nm to 500 nm, the results of which can be seen in 
Fig. 4.6. This figure shows this exact trend: instead of decreasing with thickness, the 
transmitted power actually increases when starting at the film thickness of 150 nm for the 
1550 nm apertures. This further increase in power, along with potentially incorrect 
refractive index data, could account for the difference in magnitude seen in Fig. 4.4. 
Furthermore, since the alpha-beta transition has a significant effect on lattice structure, the 
expansion and thickness of the film may be different after the phase change, which could 
produce the reversal in trend seen in Fig. 3.12. To complicate things, the positions and sizes 
of the peaks and nulls in Fig. 4.6 also depend on the refractive index of the palladium layer, 
 
Figure 4.5 – Illustration of the effect of hydrogen-induced lattice expansion. As the film 
expands, the Fabry-Perot cavity setup by the two interfaces tracks across the 
free spectral range, changing how the field builds up inside the aperture. 
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and of the SiO2 layer, which could be changed due to Ga implantation. In addition to 
stretching in the z-direction, it is likely that parts of the metal boundaries in the aperture 
swell inwards. Changes in the ridge width, arm size, or gap would also alter the guidance 
conditions of the aperture and change the transmission characteristics. Ultimately, the total 
change in power is most likely due to a combination of these effects, and better refractive 
index data, along with a more thorough understanding of the film expansion, is needed to 
accurately model the hydrogen change. 
  
 
Figure 4.6 – FDTD simulations for a 1550 nm C aperture for various film thicknesses. The 
transmission does not decrease monotonically with thickness, as would be 
expected solely from increased loss. Fabry-Perot resonances counter-act this 
effect for certain thicknesses, causing a rise in transmission. 
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Chapter 5: Conclusions and Future Work 
A new type of fiber optic hydrogen sensor utilizing facet-etched nano-apertures in 
palladium film has been presented. The sensor is fabricated by coating cleaved fiber tips 
with palladium and etching a sub-wavelength C-shaped aperture over the fiber core using 
focused ion beam milling. By splicing these fiber tips back to connectorized fiber and 
measuring the transmission, the presence of various concentrations of hydrogen can be 
detected and distinguished from each other. Various aperture sizes and dimensions have 
been fabricated and tested, including a reference circular aperture and blank films. Results 
show both power increases and decreases depending on aperture shape. In order to 
optimize the hydrogen response, the dimensions were optimized using 3D finite-difference 
time-domain simulations to calculate the transmission spectrum. By placing the edge of a 
resonance peak at the test wavelength of 1550 nm, the hydrogen response can be 
increased. The test results for this aperture show a 6% power increase for 1% hydrogen, 
and a 12% power increase for 1.5% hydrogen. Response times of the sensor were on the 
order of 10 minutes, but measurable changes occurred in less than one minute. These 
apertures also showed a polarization dependence, both in simulation and experiment. The 
minimum detection limit of the sensor was calculated for both polarization states, and 
found to be as low as 150 ppm or 0.015% hydrogen in nitrogen. One state was found to 
have a lower detection limit, and the other showed a larger response to hydrogen. 
Simulations were also carried out to try to determine why the polarization dependence was 
not as strong as theory suggests, and to try to determine a theoretical value for the 
predicted hydrogen shift. 
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 The next step for this research is to determine whether the polarization dependent 
loss is being affected by light collection problems, polarization dependence of the 
experimental setup, or by light transmitting through the film. To do this, several C 
apertures will be fabricated in films ranging in thickness from 50 nm to 250 nm and tested 
for polarization dependent loss. This study will also provide insight into the effect of film 
thickness on the hydrogen shift, and the trade-off between power shift and response time. 
Additionally, accurate refractive index data is needed to model the power shift of the 
palladium hydride. To calculate this, reflection/transmission measurements of palladium 
thin film structures are being conducted by other students in the group which should yield 
more accurate refractive index data. Aside from refractive index data, accurate data to help 
with modeling of the expansion of the palladium film during hydrogen exposure will be 
collected by using interference-based imaging techniques to monitor the film thickness in 
situ during hydrogen exposure. Simulations to calculate the effective index of the 
waveguide mode and the interference effects of the cavity will also be investigated. 
 The next fabrication steps include redesigning a new aperture based on this new 
data to optimize the hydrogen shift. With the accumulated fabrication and testing 
experience, revisiting the smaller apertures could also produce more responsive sensors. 
To that end new sets of smaller C apertures will be fabricated to determine whether or not 
the failure issues can be resolved. In addition to C-shaped apertures, other types of on-facet 
structures will be fabricated, including bullseye designs and optical antennas. Some 
preliminary work on this has already been done (Fig. 5.1).  Furthermore, since the current 
thick films have longer response times, hybrid film structures will be studied, such as using 
thick non-reactive metals (e.g. gold) coated with a thin Pd layer to get a fast response with 
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comparable magnitude. This will require development of new fabrication techniques, such 
as using FIB patterning to create masks for deposition. Investigations into adhesion layers 
and composite films will also be carried out. 
 After optimizing and fabricating a sensitive hydrogen detector, new experimental 
tests to determine how accurately hydrogen concentration can be extracted from 
transmission will be performed. Beyond this, research into sensing different gases or 
different sensor structures will be considered. Developing novel uses for this class of fiber 
optic facet-based devices is a long term research goal; possible applications include high 
efficiency fiber-chip coupling and imaging  using engineered high contrast gratings and 
optical antennas.  
 
  
 
Figure 5.1 – SEM image of preliminary work done to fabricate a bullseye structure on fiber. 
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Appendix A: The Fabry-Pérot Etalon 
The Fabry-Perot etalon is a structure made of two reflecting surfaces with a cavity defined 
between them [37]. Due to reflections from the exit mirror, constructive or destructive 
interference causes the field inside the cavity to be strongly dependent on both the distance 
between the mirrors and the incident wavelength.  
This dependence can be solved by calculating the amplitude of all the waves propagating 
inside the cavity and adding them together as follows. Assuming normal incidence and 
using the etalon structure in Fig. A.1 the field amplitude of each transmitted beam can be 
calculated: 
 0 = 12
1 = 1212
												⋮
 = 12(12) ,
 (A.1) 
 
Figure A.1 – Schematic of a Fabry-Perot etalon. Reflected fields inside the cavity interfere 
and can add constructively or destructively at the output. 
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where $ represents the phase delay experienced by a wave reflecting off the second 
mirror, propagating through the cavity, reflecting off the first mirror, and then propagating 
back through the cavity. Any phase delay introduced by the actual reflection, however, is 
taken into account by complex reflection and transmission coefficients. For normal 
incidence this is given by all such 
  = 2, (A.2) 
where k is the wavenumber and L is defined from Fig. A.1 as the width of the cavity. There 
is also an initial phase delay that each reflection experiences from entering the cavity and 
propagating through, but it is the same for each transmitted wave and thus ignored. The 
sum of all of the electric fields is a geometric series and the solution is given by 
 
 = 12 	
12
∞
0
=
12
1 − 12 . (A.3) 
To calculate the total transmitted power, or intensity, the modulus squared of the electric 
field is needed; this can be normalized to the incident intensity and has the form 
 
 =
(12)2
1− 2Re122/	+ |12|2. (A.4) 
Assuming no loss and identical mirrors, the identities R = |r|2 and T = |t|2, and that T = 1-R, 
can be used to simplify the expression.  
 
 =
(1− )2
1− 2cos 2 + 2
. (A.5) 
Noting the sinusoidal dependence on etalon width and wavelength in the denominator, a 
periodic dependence on these two parameters is expected. This period is called the free 
spectral range, or FSR. This effect can be seen in Fig. A.2 where the transmission is plotted 
versus wavelength and cavity length. Furthermore, the field amplitude reflection and 
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transmission coefficients depend on the complex refractive index of the surrounding media 
and the cavity material, along with the material properties of the mirrors. Hence there is 
also a strong dependence on the cavity composition, or in the case of a waveguide, on the 
propagation constant. This can be seen in Fig. A.3 where the transmission vs. thickness for 
two different cavity effective indices is plotted.  
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Figure A.2 – Transmission spectrum vs. wavelength (top) and thickness (bottom) for a 
Fabry-Perot cavity formed by air surrounding an n=3 material. 
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Figure A.3 – Transmission spectrum vs. thickness for two different cavity indices. Note the 
dependence of the FSR and transmission change on cavity index. 
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